The decay rates of enteric waterborne pathogens were evaluated following the introduction of Yersinia enterocolitica, Salmonella enterica, Campylobacter jejuni and Arcobacter butzleri into river water at different temperatures (5, 15 and 25 W C) for a period of 28 days. To improve the accuracy of the results a molecular viability assay, long amplicon propidium monoazide-polymerase chain reaction (PMA-PCR), was used to quantify the viable cell concentration and results from PCR with and without PMA were compared. As well, the effect of background microbiota was assessed for Y. enterocolitica and S. enterica by inoculating cells into sterile and non-sterile river water. Cell persistence was improved by up to 4 log for Y. enterocolitica and 4.5 log for S. enterica in sterile river water compared to natural river water, showing that the autochthonous biological activity in river water can accelerate the die-off of introduced bacteria. Results also showed that low temperature significantly improved the persistence of all four target bacteria in non-sterile river
INTRODUCTION
Enteric pathogenic bacteria can be present in source waters used for drinking water and therefore are of concern for public health. Most enteric pathogens are not able to grow and replicate in water; however, they can survive for considerably long times in aquatic environments including surface waters, and therefore water can act as a route for their transmission (Hrudey & Hrudey ) . Bacterial survival patterns in surface waters can be affected by different environmental factors including temperature, sunlight (UV), pH, salinity, nutrients and organic matter (e.g. systems. However, propidium monoazide (PMA) can be applied as a pretreatment to PCR to prevent amplification of dead cells with injured membranes or free DNA (Nocker et al. ) . As shown in a previous study (Banihashemi et al. ) , PMA pretreatment combined with long amplicon quantitative PCR (qPCR) could ensure that the false positive signal potentially originating from dead cells or extracellular DNA of Salmonella enterica and Campylobacter jejuni was not detected. Bae & Wuertz () also showed that the application of PMA-qPCR could result in more realistic data for pathogen assessment and decay in water.
The present study aims to evaluate the longevity of enteric bacteria of concern in environmental (river) water using long amplicon PMA-qPCR analysis, with a particular focus on assessing the effects of temperature and naturally occurring microflora. Surface waters contain active bacterial communities that can affect the longevity of pathogens in water through processes including substrate competition, antagonism, and predation, and it is important to consider these effects when studying bacterial survival in the environ- 
).
Yersinia is a waterborne pathogenic bacterium that can survive for long periods, particularly in cold water (Colin ) , and both Salmonella and Campylobacter are an important cause of waterborne disease worldwide (WHO ). Campylobacter is also recognized for readily forming a VBNC state and is therefore challenging to enumerate. Arcobacter has been recently reported as a possible health threat in source waters (Lee et al. ) , and a previous study (Banihashemi et al. ) showed that high levels of viable Arcobacter butzleri were detected in water samples from the same river that was used in the current study (Grand River in Ontario, Canada) .
The Grand River is typical of many drinking water sources, and water quality is affected by various activities such as farming, wildlife and urban discharges including runoff and treated wastewater. To study the effect of environmental factors on pathogen persistence trends in water from the Grand River, a strain from each of Yersinia enterocolitica, S. enterica, C. jejuni and A. butzleri was introduced separately into either untreated or autoclaved river water microcosms. Water samples were then incubated at three temperatures that represent seasonal differences expected in the river (5, 15 and 25 W C) and sampled over a four week period. The experiments were conducted in laboratory incubators in the dark, and therefore the additional effect of sunlight on cell persistence was not assessed. To evaluate if the occurrence of dead cells or free DNA affected pathogen longevity patterns, cell concentrations were enumerated by PCR with and without PMA pretreatment. involving these strains used water collected from the same sampling location on the Grand River on 9 October, 2011.
MATERIALS AND METHODS
The river water turbidity was 8.4 NTU and the temperature was 10.6 W C at the time of collection. The persistence of C. jejuni and A. butzleri was only studied in non-sterile water.
At each sampling date, one 30 mL sample was taken from each 1 L bottle and transferred to a 50 mL sterile centrifuge tube and pelleted at 9,000 × g for 20 min. The supernatant was removed, and each pellet resuspended in 1 mL sterile PBS and transferred to a 1.5 mL microcentrifuge tube. The samples were centrifuged again at 12,000 × g for 5 min to achieve a final concentrated pellet for each sample. The pellet from each tube was then resuspended in 400 μL of sterile PBS. Each 400 μL sample was divided into two 200 μL samples, one of which was treated with PMA and the other with no PMA treatment as described below.
PMA pretreatment
Solid PMA ( 
DNA extraction and PCR
Concentrated river water samples suspended in GITC extraction buffer were mixed by inversion for 1 h at room temperature followed by purification using the Qiagen DNeasy tissue kit (Mississauga, ON, Canada) as described by Cheyne et al. () . After column purification (as described by the manufacturer), samples were eluted in 100 μL of AE buffer (150 × concentrated from the river water) and stored at À80 W C until analysis. Amplification conditions for the other three primer sets were the same except the annealing temperature was 46 W C for C. jejuni, and 58 W C for both Y. enterocolitica and A. butzleri. PCR product specificity was confirmed by melting curve analysis using a ramping rate of 0.5 W C/10 s from 55 to 95 W C. The presence of PCR inhibitors was done using an external luxB amplification method as described by Cheyne et al.
() and PCR inhibition was not detected in any samples.
Each qPCR assay produced standard curves with R 2 values of 0.99 or greater and with efficiency values between 90 and 109%. DNA amplification was always observed for qPCR reactions containing 10 cells, which indicated that the detection limit was less than 10 cells per reaction (equivalent to 30 cells [1.5 log] 100 mL À1 in the river water). DNA extracted from uninoculated river water stored at 5 W C was also tested at the end of the experiment using PCR without PMA treatment.
Results showed that naturally occurring pathogens were below the detection limit of the assay.
Each sample was analysed by PCR in duplicate. Each PCR run included duplicate standard curves and negative PCR controls. The standard curves were produced using DNA extracted from pure cultures of the target bacteria.
C. jejuni standard curves were prepared as described by Any statistical probability equal to or less than α ¼ 0.05 was considered significant.
RESULTS AND DISCUSSION

Effect of temperature on pathogen persistence in river water
The decay of pathogens following inoculation into natural (untreated) river water was assessed by regression analysis.
Results showed that all strains exhibited a biphasic decay pattern, with a more rapid reduction in cell concentration in the first week, followed by a lower rate of reduction in the subsequent 3 weeks (Figures 1-4) . Y. enterocolitica, S. enterica, C. jejuni and A. butzleri cell concentrations measured by qPCR were compared at three different temperatures (5, 15, and 25 W C), and results show that incubation at lower temperatures resulted in improved persistence in river water.
The decay rates during the first phase (kmax1) increased with temperature for all strains, in samples measured both with and without PMA pretreatment (Table 1) The application of a PMA-PCR viability assay in this study could provide more accurate data on the persistence and longevity of bacterial pathogens in water, because it was less persistence of bacteria may be overestimated using some methods that cannot differentiate viable and dead cells.
Effect of natural river water microflora on pathogen persistence
The effect of background microbiota on cell persistence was assessed for Y. enterocolitica and S. enterica by inoculating each strain separately into samples of sterile and non-sterile river water. Sterile river water was prepared by autoclaving to ensure inactivation of all biological systems. While it is possible that heating the samples may have caused some changes in the water, this method was selected to ensure inactivation of all microbial groups including viruses. In addition, owing to the high level of particles in the river water, large volume filtration would be difficult.
Results show that the persistence of Y. enterocolitica ( Figure 1 ) and S. enterica (Figure 2 ) was considerably improved in the absence of background microorganisms at all three temperatures, and this effect was apparent for both viable (with PMA pretreatment) and total (without PMA pretreatment) bacteria. For both strains, samples analysed by qPCR without PMA pretreatment showed a log linear decay curve in sterile water with no effect of temperature (Table 1) , and cell concentrations after 28 days decreased by less than 2 log units. Pathogen decay curves in sterile river water tended to have lower R 2 values (Table 1) , possibly because the low decay rates were more affected by small differences in observed values.
Samples from sterile river water measured with PMA pretreatment (indicating viable cells) showed higher inactivation rates compared with the total cell count (no PMA). ). This extracellular enzymatic activity could also be increased at high temperatures (Deming & Baross ) and may be the reason for faster cell and DNA degradation.
These additive effects and higher microflora activity may be the reason why total (live þ dead) cell reduction was more affected by high temperatures. Therefore, measuring viable cells is important in order to avoid overestimating the effect of temperature on cell reduction.
CONCLUSIONS
Molecular methods are more commonly used to assess pathogens in water, as they can provide specific and accurate detection in natural environmental samples. Using a 
